It has recently become apparent that RNA, itself the product of transcription, is a major regulator of the transcriptional process. In particular, long noncoding RNAs (lncRNAs), which are so numerous in eukaryotes, function in many cases as transcriptional regulators. These RNAs function through binding to histone-modifying complexes, to DNA binding proteins (including transcription factors), and even to RNA polymerase II. In other cases, it is the act of lncRNA transcription rather than the lncRNA product that appears to be regulatory. We review recent progress in elucidating the molecular mechanisms by which lncRNAs modulate gene expression and future opportunities in this research field.
INTRODUCTION
Deep sequencing of mammalian transcriptomes has revealed the remarkable fact that there are plausibly more than 100,000 different RNAs produced in the organism, far exceeding the~20,000 protein-coding genes. Most of these RNA sequences are noncoding. It has been useful in the field to define the long noncoding RNAs (lncRNAs) as those >200 nucleotides (nt), thereby separating them from the distinct classes of microRNAs (miRNAs), small nuclear RNAs (snRNAs), and small nucleolar RNAs (snoRNAs) that function through distinct mechanisms. However, this is admittedly an arbitrary cutoff, and in this Review, we will include B2 RNA (~180 nt) as an "honorary lncRNA" because it reveals an important mechanism about how noncoding RNAs can inhibit transcription.
We are deliberately vague about the number of lncRNAs, because deep-sequencing experiments always require a cutoff of some minimum number of reads. It is more difficult to conceive a function for a lncRNA that is present at less than one copy per cell than for lncRNAs that are more abundant. Very rare or unstable lncRNAs could be transcriptional noise. Furthermore, many researchers study one cell type, but lncRNAs are often specific to particular cell types (1) . Thus, their total numbers may be underestimated. Enhancer RNAs (eRNAs) alone constitute an enormous class [reviewed by Li et al. (2) ]; if eRNAs were transcribed from every active enhancer, then this class alone would number in the hundreds of thousands when all cell types are considered.
The lncRNAs can be nuclear, nucleolar, or cytoplasmic or occupy several cellular compartments. The cellular localization of a lncRNA is informative regarding its function. For example, nuclear lncRNAs could plausibly have functions in histone modification or direct transcriptional regulation. If a lncRNA has a substantial cytoplasmic component, then the possibility that it contains a short open reading frame that is translated should be considered.
Some lncRNAs may function at the RNA level, for example, as ribozymes or riboswitches (3) . Most commonly, however, lncRNAs perform their functions as ribonucleoprotein particles (RNPs). In terms of the protein partners of the lncRNAs, it is useful to know whether they bind RNAs highly specifically or more promiscuously. For example, U1A protein appears to have predominantly two RNA partners (U1 snRNA and its own mRNA), and TERT protein has one established RNA partner [telomerase RNA (TR)]. Admittedly, the number of known RNA partners tends to increase as more research is done. For example, yeast Pop1/Pop6/Pop7 was initially found as a component of two RNPs, ribonuclease (RNase) P and RNase MRP, and then more recently as a functional component of yeast telomerase (4) , and additional functional partners could exist. At the other extreme, heterogeneous nuclear RNP (hnRNP) proteins, PRC2 (Polycomb repressive complex 2) and FUS proteins have very large transcriptomes, binding many thousands of RNAs in cells (5) ; correspondingly, they bind many RNAs in vitro with similar binding constants (6, 7) .
Many proteins known to be involved in eukaryotic transcription, most of which are therefore DNA binding proteins, also bind lncRNAs in vitro and in vivo. The proteins may have separate sites for binding RNA and DNA, or the two nucleic acids may bind mutually exclusively in overlapping binding modes [reviewed by Hudson and Ortlund (8) ]. In some of the latter cases, it is possible that the dual binding is fortuitous: The protein has a DNA binding site, which therefore has more or less ability to bind RNA, and the RNA binding may have little consequence. In many cases, however, there is evidence that the RNA binding is regulatory. In a very general sense, we can think of several ways in which lncRNAs could regulate transcription, as follows:
(1) Recruitment RNA can recruit a regulatory protein complex to a gene or an entire chromosome in cis (when the nascent RNA still occupies its site of transcription) or in trans (for example, by base pairing with another RNA, by RNA binding directly to DNA, or by RNA-protein interactions).
(2) Inhibition RNA can inhibit the binding of a transcriptional regulatory factor by acting as a "decoy" or inhibit its activity by direct active-site occlusion, by allosteric effects, or more indirectly.
(3) Indirectly, through the act of transcription Transcription of a lncRNA may regulate the transcription of nearby mRNA genes, either positively (maintaining active chromatin structure) or negatively (for example, colliding polymerases). In these cases, the RNA product may have no importance at all, or it could have an additional function.
(4) Indirectly, through genome organization and the architecture of the nucleus Organizing hetero-or euchromatic regions into close proximity may stabilize these domains and/or control the spreading of posttranslational modifications (PTMs) to nearby chromatin.
As we traverse the landscape of recent research in this area, we will encounter examples where each of these features appears to be used. Because this is a very new field, the mechanistic understanding is still a work in progress. Therefore, at the end of the review, we will present our ideas about the type of experiments that should be considered if one wants to really nail down the mechanisms of RNA-mediated transcriptional regulation.
B2 RNA REGULATES RNA POLYMERASE II BY DIRECT BINDING
Transcription is broadly dysregulated in response to heat shock (9) . Chaperones and heat shock proteins, such as HSP70, are transcriptionally up-regulated, whereas housekeeping genes, such as actin and hexokinase II, are down-regulated (10) (11) (12) . The mouse B2 noncoding RNA is both up-regulated in response to heat shock and coordinates proper gene expression during organogenesis (13) (14) (15) (16) . The~180-nt B2 RNA is synthesized by polymerase III (Pol III) and belongs to the short interspersed nuclear elements (SINEs) family, transcribed from retrotransposons that are interspersed throughout the mouse genome (17) (18) (19) (20) . It was not until this past decade that B2 RNA became appreciated as one of the master regulators of gene expression during heat shock.
To understand the function of B2 up-regulation, Allen and colleagues (18) inhibited total Pol III transcription and performed antisense oligonucleotide knockdowns of B2 RNA during heat shock. Decreased accumulation of B2 RNA corresponded to an up-regulation of coding genes that were previously down-regulated (18) . This result was further corroborated by the finding that RNA Pol II transcription in nuclear lysates was significantly inhibited in the presence of B2 RNA, but not by the control B1 RNA (18, 20) . These data prompted the inquiry of how the mature B2 noncoding transcript inhibits RNA Pol II transcription.
RNA immunoprecipitation (RIP) studies demonstrated that B2 RNA is enriched in RNA Pol II purifications (18) . Although RIP is useful for identifying candidate RNA-protein interactions, it is unable to define direct binding partners and can suffer from RNA-protein exchange in extracts (21) . However, in the current case, follow-up electrophoretic mobility shift studies and functional in vitro transcriptional assays showed that B2 RNA inhibits transcription by associating directly with the preinitiation complex ( Fig. 1) (20) . This mechanism of inhibition paralleled findings in Escherichia coli, where the 184-nt 6S RNA was found to inhibit transcription by binding to the RNA polymerase-s 70 holoenzyme (22) . Deletion analysis on B2 RNA coupled with RNA Pol II RNase protection assays determined that the 3′ region of the transcript is responsible for binding to RNA Pol II (20) . Additionally, experimental determination of the B2 RNA secondary structure showed that the 3′ end of the noncoding transcript has several stem-loop and singlestranded regions (20) . Deletion of a single-stranded region affects the ability of B2 RNA to repress transcription, whereas it has no effect on binding to RNA Pol II (23) . This contrasts with how disruption of the RNA stem loop prevents binding to RNA Pol II and transcriptional repression (20) .
Further work identified additional small RNAs, such as Alu and Fc, that compete with B2 RNA for Pol II binding and inhibition (24, 25) . A recent cocrystal structure of RNA Pol II and the Fc RNA revealed that the Fc RNA inhibitor binding site is unique but has significant overlap with the canonical nucleic acid docking site in the elongation complex (25) . This cocrystal structure is entirely consistent with the previously reported mechanism of RNA-mediated inhibition.
Multiple independent research groups conducting both in vitro and in vivo assays have accumulated a conclusive body of evidence defining the mechanism of B2 RNA-mediated transcriptional repression. It is now clear that B2 RNA inhibits transcription through a direct interaction with RNA Pol II and prevents the formation of a functional closed preinitiation complex. However, the downstream function of B2-mediated repression and determining why certain RNA Pol II transcripts are up-regulated in response to heat shock are still areas of active research. For example, a recent model suggested that whereas there is global up-regulation of B2 RNA in heat shock, there is local degradation of B2 RNA at sites of active transcription (26) . This local degradation of B2 RNA at stress response genes then induces an up-regulation of these RNA Pol II transcripts relative to the level of global RNA Pol II transcription (26) .
roX RNAs ARE ESSENTIAL FOR THE HYPERACTIVE X CHROMOSOME IN DROSOPHILA MALES Drosophila melanogaster and Homo sapiens both require X chromosome dosage compensation, because the female genome comprises two X chromosomes and the male genome carries one. H. sapiens resolve the problem by compacting one X chromosome in females through epigenetic modifications (27) . The result is a silent X chromosome, referred to as the Barr body. In contrast, D. melanogaster acetylate histones on the male X chromosome, resulting in hyperactive transcription (28, 29) . Although these processes seem entirely divergent, they are linked by the common feature of lncRNAs directing epigenetic modifications (30) .
D. melanogaster express two lncRNAs on the male X chromosome, referred to as RNA on the X 1 and 2 (roX1 and roX2) (31, 32) . roX1 (3.7 kb) and roX2 (1.1 kb) display overlapping functions; either one can be deleted, but deletion of both results in male lethality (31, 33) . Additionally, transgenic expression of either roX RNA can rescue the lethal phenotype of roX RNA deletion (32, 34) .
Elegant immunofluorescence and RNA fluorescence in situ hybridization studies identified that roX RNAs normally coat one X chromosome, and they spread in cis across autosomal chromosomes when they are ectopically expressed (31) (32) (33) (34) (35) . Additional imaging studies showed that roX RNAs colocalize perfectly with a male-specific protein complex that includes five proteins: maleless (MLE), male-specific lethal 1 to 3 (MSL1 to MSL3), and males absent on the first (MOF) (31) (32) (33) (34) (35) . It was quickly suggested, and later confirmed, that together these proteins and RNAs form the dosage compensation complex (DCC), which generates the hyperactive X chromosome (36) .
In males, the DCC ribonucleoprotein complex coats one X chromosome and acetylates Lys 16 on histone 4 (H4K16Ac) (Fig. 2 ) (36-39). H4K16Ac is deposited across much of the X chromosome, and there is a consensus that this PTM is essential for creating hyperactive transcription (36) (37) (38) (39) (40) .
The roX RNAs naturally adopt a repetitive tandem stem-loop conformation (41, 42) . This was predicted by a chemical probing method [SHAPE (selective 2′-hydroxyl acylation analyzed by primer extension)], as well as experimentally corroborated (41, 42) . Cross-linking studies coupled to RNA mutagenesis identified MLE and MSL2 as the major RNA binding partners of the roX RNAs (41) . Additionally, the MLE helicase remodels the tandem stem-loop structure of roX RNAs into a different stem-loop structure that attains a higher binding affinity toward MLE and MSL2 (42) (43) (44) . This remodeled structure was also experimentally observed as the active chromatin-bound RNA in vivo and is dependent on the adenosine triphosphatase (ATPase) activity of MLE (42) (43) (44) .
Although MLE and MSL2 appear to be the major RNA binding proteins within the DCC (41), the chromodomains of MOF and MSL3 have also been suggested to play a role in roX RNA recognition (37) . Furthermore, protein mutagenesis and immunoprecipitation studies suggest that the affinity of MSL3 toward roX RNAs is affected by acetylation at a single lysine residue (45) .
It is quite clear that the DCC is a ribonucleoprotein complex and that roX RNAs are essential for targeting the DCC to the X chromosome. However, we still do not fully understand how roX RNAs contribute to DCC recruitment. The DCC is known to have high affinity toward certain genomic sites (46) (47) (48) . One model is that incorporation of roX RNAs into the DCC increases the affinity toward these high-affinity DNA binding sites and decreases the affinity toward nonspecific regions (49) . Another model is that additional protein partners could be driving the specificity of the DCC toward DNA recognition elements (30, 50) . Thus, after 20 years of active research, the precise role of roX RNAs in X-chromosome hyperactivation remains an active question in the field.
PRC2, Spen/SHARP, AND Xist: INACTIVATION OF A WHOLE CHROMOSOME
PRC2 is an essential histone methyltransferase required for gene silencing during development and cancer. PRC2 binds both lncRNAs and pre-mRNAs ( Fig. 3) , and it can be said to interact with RNAs promiscuously in vitro and in vivo because of the broad spectrum of transcripts that it binds (7, 51, 52). Recently, it was revealed that PRC2 Fig. 3 . lncRNAs regulate transcription through histone modifiers. PRC1 interacts with lncRNA, either TUG1 or MALAT1. These interactions regulate methylation status and localization of PRC1. PRC2 is inhibited by binding lncRNA or nascent pre-mRNA. lncRNAs Kcnq1ot1, Air, and ROR (regulator of reprogramming) regulate the activity of G9a, an enzyme that methylates H3K9. HOTTIP interacts with the WDR5-MLL complex and localizes the complex to the 5′HOXA locus. RNAPII, RNA polymerase II; MALAT1, metastasis-associated lung adenocarcinoma transcript 1.
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reads RNA motifs consisting of short repeats of consecutive guanines, which are ubiquitous in the transcriptome (53) ; this clarifies the promiscuous nature of PRC2 targeting to RNA.
One important biological system involving PRC2 and lncRNAs is X-chromosome inactivation (XCI). As described in the previous section, female mammalian cells inactivate one of their two X chromosomes to equalize X-linked gene expression with that of males. One chief mediator of XCI is the 17-kb lncRNA Xist (X-inactive specific transcript), which is transcribed from the Xist gene on one X chromosome (54) . Although the Xist RNA is capped, spliced, and polyadenylated, it remains exclusively in the nucleus and coats one X chromosome in cis. This RNA coating initiates XCI, coinciding with the exclusion of RNA Pol II and the eventual silencing of most gene expression on that X chromosome. One of the first histone modifications detected on the inactive X chromosome is H3K27me3, which is dependent on PRC2. The possibility that Xist RNA might directly recruit PRC2 has been much discussed (55, 56) . A knockout of EED (embryonic ectoderm development) does not affect random XCI in the mouse embryo, suggesting that PRC2 may be dispensable for the initiation and maintenance of random XCI (57) .
Recent studies have provided intriguing evidence for indirect recruitment of PRC2. McHugh and colleagues (58) identified RNA binding proteins associated with Xist RNA by ultraviolet (UV) cross-linking followed by purification and quantitative mass spectrometry (RAP-MS). Strikingly, the top hit was not PRC2, but instead three factors: SHARP/ Spen, SAF-A, and LBR. In brief, subsequent work discovered that SHARP/Spen binds directly to Xist RNA and recruits the SMRT (silencing mediator of retinoid and thyroid receptor)-histone deacetylase 3 (HDAC3) complex. This leads to deacetylation of histone H3 and facilitates the enrichment of PRC2. As validation, the knockdown of SHARP and HDAC3 reactivates gene expression on the silenced X chromosome and leads to the depletion of PRC2. Another study used a similar approach but instead relied on formaldehyde cross-linking under nondenaturing conditions [chromatin isolation by RNA purificationmass spectrometry (ChIRP-MS)] (59). This study identified 81 proteins that directly or indirectly interact with Xist. Furthermore, the authors proposed that heterogeneous nuclear ribonucleoprotein K (hnRNPK) might have a direct influence on H3K27me3 and Polycomb recruitment.
What is consistent between the two studies is that neither found components of PRC2 in the Xist RNA interactome. However, it is worthwhile to emphasize that another proteomics paper used an approach similar to that of McHugh et al. but came to a different conclusion (60) . Specifically, they identified RBBP4/7 as possibly interacting with Xist. Although RBBP4 is a known subunit of the PRC2 complex, it is also a component of other chromatin-modifying complexes, including the NuRD and SIN3-HDAC complexes (61, 62) . The study did not identify any of the core PRC2 subunits Ezh2, Suz12, and Eed.
Finally, two independent groups (63, 64) used elegant genetic screens to determine which genes are required for Xist-mediated XCI. Both groups identified the RNA binding protein Spen as the top hit. In total, these studies discovered dozens of new factors, each of which warrants further exploration in relation to Xist RNA function.
Beyond XCI, PRC2 has genome-wide roles. Another system that has received much attention in the field is HOTAIR lncRNA's interaction with PRC2. However, it has now been shown that HOTAIR is dispensable for the regulation of Hoxd transcription (65) . Artificially tethering HOTAIR to chromatin does lead to an increase of H3K27me3, but in a PRC2-independent manner (66) . Although it remains possible that lncRNAs recruit PRC2 to specific loci in some cases, currently, the best-characterized function of RNAs is to inhibit PRC2 methyltransferase activity by inhibiting PRC2 binding to chromatin (67) (68) (69) .
OTHER HISTONE MODIFIERS
In recent years, the theme of lncRNAs controlling gene activity by mediating epigenetic mechanisms has become much more pervasive. Broadly, lncRNAs exercise the roles of recruiters, decoys, stimuli, and scaffolds, or some combinations thereof. This section will provide examples of lncRNAs driving gene regulation through the activity of chromatin modifiers. These recent studies establish that lncRNAs contribute to many biological systems. Understanding how these lncRNAs function, on the other hand, is challenging, and therefore, the mechanisms proposed require more validation and may be modified by future studies.
G9a
G9a is a histone methyltransferase that deposits repressive methyl marks on H3K9. Its essential role is highlighted by lethality and severe growth defects observed in G9a-deficient embryos (70) . It has been suggested that G9a targets transcriptionally active euchromatin regions, as opposed to repressive pericentric heterochromatin. G9a targeting has been associated with the regulation of genes important to development (71) .
Three lncRNAs-Kcnq1ot1, Air, and ROR-have been suggested to interact with G9a via either the recruitment model or decoy model. Kcnq1ot1 is a 91-kb transcript, transcribed from the antisense strand of the Kcnq1 gene by RNA Pol II (72) . It is exclusively localized in the nuclear compartment with moderate stability. In a ChIRP study, Kcnq1ot1 was shown to interact with chromatin. Additional RIP experiments used antibodies raised against G9a to pull out Kcnq1ot1 in a lineage-specific manner. This is consistent with a lineage-specific difference in the H3K9me3 modification in the Kcnq1 gene. The G9a-Kcnq1ot1 interaction also contributes to imprinting in the mouse placenta. A similar recruiting mechanism has been observed with Air lncRNAs, which are largely unspliced and retained in the nucleus. It has been shown that Air is involved in silencing clusters of multiple imprinted genes in cis on chromosome 17 in mice (73) . This silencing mechanism involves Air recruiting G9a to the paternal Slc22a3.
In the case of lncRNA ROR, it has been demonstrated that ROR evicts G9a. Human ROR is 2.6 kb in length, and true to its name, it functions by reprogramming human induced pluripotent stem cells (iPSCs) and shares regulatory miRNAs with the transcription factors OCT4, SOX2, and NANOG. Fan et al. (74) show that ROR occupies and activates the TESC promoter by repelling the histone G9a methyltransferase and promoting the release of histone H3K9 methylation. This decoying mechanism leads to a reduction in tumor growth and metastasis.
Mixed lineage leukemia MLL (mixed lineage leukemia) is a protein first identified as a functional ortholog of the trithorax (trx) complex in Drosophila (75). The canonical role of the MLL protein is to methylate H3K4, a trigger of gene activation. MLL has been shown to be required for the maintenance of activated genes during normal embryogenesis, hematopoiesis, and neurogenesis (76) (77) (78) . The essentiality of MLL is underscored by the embryonic lethality of MLL-knockout mice.
How MLL might be recruited to specific genomic loci still remains to be fully elucidated. However, one study has shed light on a possible mechanism involving a lncRNA called HOTTIP (79, 80) , which appears to play a role in the trafficking of MLL to specific HOXA genes. Specifically, Wang and colleagues show that HOTTIP interacts with the WDR5-MLL complex and localizes the complex to the 5′HOXA locus. Quite remarkably, a follow-up investigation identified a single residue (F266) on WDR5 that is necessary for RNA binding and indispensable for gene activation. A similar mechanism has been proposed with the lncRNA HoxBlinc (81), which recruits the Set1/MLL complex. This recruitment is followed by the transcriptional activation of the Hoxb gene, thus regulating cardiac/hematopoietic differentiation. These studies together highlight the profound role of lncRNA binding in the regulation of active chromatin states.
Another compelling aspect of the scaffold-like property of some lncRNAs is the ability of a single transcript to bind multiple chromatinmodifier complexes. For instance, the Fendrr lncRNA is specifically expressed in the nascent lateral mesoderm in a developing embryo and has been reported to interact with both MLL and PRC2 complexes (82) . Fendrr targets complexes to specific promoters to alter the epigenetic landscape. These epigenetic changes lead to attenuation of the expression of transcription factors, which are important in lateral mesoderm development. Therefore, as knowledge about the factors binding lncRNAs increases, it will become important to begin investigating how different factors engage in functional cross-talk.
Heterochromatin protein 1
Heterochromatin protein 1 (HP1) was first characterized in Drosophila as localizing to heterochromatin and being involved in position-effect variegation (83, 84) . HP1 binds methyl marks on H3K9 and elicits chromatin packaging and gene silencing. Early embryonic lethality in Drosophila is caused by the loss of HP1. In humans, the loss of HP1 has been shown to correlate with metastatic breast cancer (85) .
The HP1 protein contains a conserved N-terminal chromodomain, followed by a variable hinge region, and finally a conserved chromoshadow domain at the C terminus. The chromodomain has been suggested to be an RNA binding module; for example, the MOF histone acetyltransferase (HAT) in Drosophila (described above) specifically interacts with roX RNA via its chromodomain (39) , and these protein-RNA interactions may contribute to the recruitment of MOF to the X chromosome in male Drosophila. Evolutionarily, HP1's chromodomain shares homology to the MOF variant; therefore, it has been speculated that RNA acts similarly to recruit HP1 to pericentromeric loci. One early study found that the RNase treatment of cells induces dispersion of HP1 from the pericentromeric foci (86) . Furthermore, replenishing RNase-treated cells with purified nuclear RNA rescues the pericentric structures. Later, it was shown that HP1 directly binds nuclear RNA using the electrophoretic mobility shift assay (EMSA). These early studies collectively suggested that the mechanism of HP1-mediated chromatin compaction in cells involves RNA actors. However, they did not offer a functional connection between specific RNAs and HP1.
In 2011, Maison and colleagues (87) reported that strand-specific centromeric RNAs (transcribed in the forward direction) colocalize with HP1 in mouse cells. Using HP1 chromatin immunoprecipitation (ChIP) experiments, it was observed that HP1 is enriched at the genomic regions encoding the centromeric RNAs. This study helped confirm a particular link between the subnuclear localization of RNA transcripts and HP1 recruitment. Maison et al. also revealed that the posttranslational SUMOylation of HP1 actively promotes binding of the protein to the purine-rich sense RNA transcripts, and the combinatorial effects of SUMO and RNA binding together initiate targeting of HP1 to pericentric heterochromatin. This work reveals how PTMs of chromatin readers and remodelers might regulate their intrinsic binding properties and, subsequently, recruitment.
In addition to RNA having a recruitment role that captures free HP1 to pericentric heterochromatin, an antagonizing "eviction" role of lncRNA has also been proposed. One such study has identified a lncRNA called BORDERLINE in Schizosaccharomyces pombe (88), which, when processed into short RNAs, evicts HP1 and prevents the spreading of HP1 and histone H3K9 methylation beyond the pericentromeric repeat region.
Suv4-20h
At pericentric and telomeric regions of chromosomes, heterochromatin formation is orchestrated by a series of interactions involving Suv39h, HP1, and Suv4-20h. Current literature shows that Suv39h methylates H3K9, which serves as a precursor to binding of HP1. Upon binding of methylated H3K9, HP1 recruits Suv4-20h by direct protein-protein interaction. Then, Suv4-20h proceeds to establish H4K20me3 marks. Alternative ways of targeting Suv4-20h to H4K20 have been proposed. One study provides evidence implicating lncRNA in this mechanism. Specifically, pre-ribosomal RNA (rRNA) antisense transcripts (PAPAS) bind pre-rRNA coding regions and recruit Suv4-20h2 in quiescent cells (89) . This recruitment promotes H4K20me3-mediated transcriptional silencing of ribosomal DNA (rDNA). In addition, the authors observed a similar scheme at retrotransposon elements, where lncRNA triggers H4K20me3 and transcriptional repression.
Polycomb repressive complex 1 PRC1 has a core that consists of four proteins: Bmi1, HPH, Ring1, and CBX. The chromodomain of CBX binds to trimethylated histone H3 Lys 27 and initiates the direct catalysis of H2A119 ubiquitination. These ubiquitination marks have been thought for years to recruit PRC2 in hierarchical fashion and subsequently enforce gene silencing and chromatin compaction. However, recent studies have provided alternative models that reveal emerging roles for PRC1. Details can be found in the review by Gil and O'Loghlen (90) .
Regarding PRC1, an early study by Bernstein and colleagues (91) suggested that CBX proteins bind RNAs in vitro. Around 2010, two more studies provided mechanistic insights into the functional connections between lncRNA and CBX proteins. In particular, the antisense lncRNA ANRIL, which is transcribed from the INK4b/ARF/ INK4a tumor suppressor locus, recruits PRC1 to that specific locus for transcriptional repression via a direct interaction with the CBX7 subunit. This repression regulates senescence and proliferation of prostate cancer cells. The authors observed a possible ternary complex consisting of H3K27me3-ANRIL-CBX7 (92) .
Another CBX subunit of PRC1 that binds lncRNA is CBX4. Some lncRNA transcripts known to interact with CBX4 include TUG1 and MALAT1/NEAT2. These CBX4-RNA interactions stimulate the SUMOylation of the E2F1 growth factor (93), a PTM that results in increased cellular proliferation. Intriguingly, the methylation status of CBX4 appears to dictate whether CBX4 interacts with TUG1 or MALAT1/NEAT2, with the unmethylated variant binding the latter. Given that TUG1 and MALAT1/NEAT1 exhibit differential subnuclear localization, with TUG1 being localized to Polycomb bodies (PcGs) and MALAT1/NEAT2 located in interchromatin granules (ICGs), the methylation status of CBX4 can therefore dictate where PRC1 traffics in the subnuclear environment. This work provides a clear example of how lncRNAs can act as scaffolds to organize nuclear architecture and influence recruitment of chromatin-modifier complexes. p300/CBP p300 and CBP [cyclic adenosine monophosphate response elementbinding protein (CREB)-binding protein] are two highly homologous and conserved proteins that have intrinsic HAT activity, which plays a critical role in regulating gene expression through lysine acetylation of histone H3 (94) . These proteins act as transcriptional coactivators for a number of nuclear genes. Unlike other HATs, p300 and CBP are able to acetylate all four histones both in vitro and in vivo (95) . Therefore, they are capable of coupling with a variety of transcription factors during chromatin remodeling. Not surprisingly, they are involved in a wide array of basic cellular processes, such as DNA damage repair and cell proliferation, and are inherently crucial for embryonic development and cancer.
For the first time in 2015 (96), p300 and CBP were implicated to interact with lncRNA. The study presents a fascinating model where the antisense lncRNA Khps1 forms a DNA/RNA triplex with the SPHK1 promoter, and these triplexes recruit CBP/p300. This recruitment triggers an open chromatin structure, followed by binding of transcription factors, and eventually leads to the activation of SPHK1 transcription.
Recently, a genome-wide analysis of p300/CBP binding to RNA using PAR-CLIP (photoactivatable ribonucleoside-enhanced crosslinking and immunoprecipitation) was published (97). Bose and colleagues suggest that RNA transcribed locally directly interacts with CBP and stimulates catalytic HAT activity, thereby promoting gene expression. They also suggest that eRNAs at enhancers may interact with p300/CBP and control transcription activation.
Lysine-specific demethylase 1 Lysine-specific demethylase 1 (LSD1) is a protein responsible for removing mono-and dimethyl modifications from H3K4 and H3K9 of histones, and it plays a pivotal role during embryonic development and cancer (98) . This is highlighted by a variety of tumors that display LSD1 overexpression (99) . LSD1 is the first identified histone demethylase and has been found to associate with a number of transcriptional corepressor complexes (including CoREST and CtBP) and a subset of HDAC complexes (99) . The lncRNA HOTAIR, transcribed from the HoxC locus, has been reported to interact with LSD1 and also with PRC2 (100). This illustrates the scaffold-like function of some lncRNAs, which has been studied in detail in the case of yeast TR (101) .
Curiously, the TERRA (telomeric repeat-containing RNA) RNA transcribed from telomeres has been shown to interact with LSD1. TERRA is bound by LSD1 at TRF2-depleted telomeres, and the RNA promotes the physical interaction between LSD1 and MRE11 (102) . This physical interaction stimulates MRE11 nuclease activity and consequently stimulates removal of 3′G-strand overhangs at uncapped telomeres.
DNA METHYLTRANSFERASES
DNA methylation is widely involved in transcriptional repression in mammals, with DNA methyltransferases (DNMTs) methylating cytosines (m 5 C) in CpG-rich sequences. Growing evidence has demonstrated that all three major DNMTs (DNMT1, DNMT3A, and DNMT3B) in mammals bind to and can be regulated by noncoding RNAs. This regulation by noncoding RNAs usually results in alteration of DNA methylation and expression of target genes (Fig. 4) . DNMT2, the enigmatic DNMT homolog, has little DNA methylation activity but instead methylates transfer RNAs (tRNAs) (103, 104) , and this could imply that the RNA binding properties of DNMTs have a deep evolutionary origin. DNA methyltransferase 1 DNMT1 is the key maintenance DNMT and is ubiquitously expressed in proliferating cells. A few RNAs have been identified to regulate the activity of DNMT1. Kcnq1ot1, a lncRNA that regulates the Kcnq1 imprinting control region (105) , interacts with and recruits DNMT1 to differentially methylated regions (106) . However, whether the interaction between DNMT1 and Kcnq1ot1 lncRNA is direct or indirect is unclear because of the limitation of RIP experiments, as discussed earlier in this review.
Later, a noncoding RNA named ecCEBPA arising from the CEBPA (CCAAT/enhancer-binding protein a) gene locus was found to interact with DNMT1, resulting in decreased methylation at the CEBPA gene (107) . Surprisingly, in this study, DNMT1 bound to RNA with a greater affinity than to its own substrate DNA in vitro, and DNMT1 seemed to prefer binding with stem loop-structured RNAs. This study also provided mutagenesis scanning of the DNMT1 protein and suggested that the catalytic domain is the minimal RNA binding motif. DNMT1-RNA interaction is not limited to the CEBPA locus, and RNA species associated with DNMT1 and their regulation of DNA methylation and gene expression have been globally identified, indicating that RNA could block unwanted DNA methylation at many sites of active transcription.
Moreover, two later studies supported the inhibition model. A lncRNA named DBCCR1-003 binds to DNMT1 and prevents DNMT1-mediated methylation of DBCCR1 in bladder cancer (108) , and lncRNA RBMY2FP interacts with DNMT1 and hampers its binding to promoters of the RBMY gene family (109) . Besides lncRNAs, miRNAs including miR-155-5p also bind to and inhibit DNMT1 in vitro and in vivo (110) , suggesting a widespread role of RNA interaction in regulating the activity of DNMT1.
DNA methyltransferase 3A DNMT3A and DNMT3B are the de novo DNMTs and show no preference between hemimethylated and unmethylated DNA substrates (111, 112) . Tsix RNA (the antisense of Xist) can form a complex with DNMT3A, as demonstrated by an RNA-ChIP analysis, but not with DNMT1, DNMT2, or DNMT3B (113) . Tsix RNA might activate DNMT3A at the Xist promoter and repress the Xist gene. The molecular details of the DNMT3A-RNA interaction were later demonstrated in vitro as two modes: allosteric regulation (no change in catalysis) and catalytic domain binding (potent inhibition) (114), supporting a model that the molecular basis of the DNMT3A-RNA interaction determines the effects on DNA methylation activity of DNMT3A.
DNA methytransferase 3B DNMT3B can be recruited by a DNA/RNA triplex, formed by a noncoding RNA [promoter-associated RNA (pRNA)] and the rDNA promoter region (115) . DNMT3B, but not DNMT1 or DNMT3A, shows a preference for DNA/RNA triplexes in vitro, suggesting a potentially widespread RNA-guided DNMT3B targeting mechanism in epigenetic regulation.
TRANSCRIPTION FACTORS
Transcription factors are sequence-specific DNA binding proteins that can activate or repress transcription. Growing evidence suggests that a large number of transcription factors interact with RNA, and these interactions could play an important role in their regulation [ Fig. 4 ; also reviewed by Hudson and Ortlund (8)]. A classic example is the feedback inhibition of zinc finger protein transcription factor IIIA (TFIIIA) by 5S rRNA. TFIIIA activates 5S rRNA transcription Xenopus oocytes, and increasing levels of the 5S rRNA products strip TFIIIA off chromatin (116) (117) (118) (119) (120) . Similar to this inhibition mechanism, GAS5 lncRNA acts as a decoy RNA by binding to the DNA binding domain of glucocorticoid receptor (GR), inhibiting GR's DNA binding and transcriptional activation activity (121) .
In contrast to the inhibition and decoy mechanism, RNA can also activate or recruit transcription factors. YY1 is a ubiquitous transcription factor that can activate or repress individual promoters. In mammals, X-chromosome inactivation requires the interaction between YY1 and Xist lncRNA. YY1 interacts with the Repeat C region of Xist RNA and contributes to docking Xist RNA onto the X chromosome (122) . YY1 binds to both gene regulatory elements and their associated RNA species (transcribed from the same regulatory elements) across the entire genome, and artificial tethering of RNA enhances YY1 occupancy at these elements, potentially providing a positive feedback for robust transcription (123) . A lncRNA transcribed from the YY1 gene promoter (linc-YY1) interacts with YY1 through its middle domain to evict YY1-PRC2 from target promoters, thus activating gene expression in trans (124) . A recent SELEX (systematic evolution of ligands by exponential enrichment) study found that YY1 interacts with RNA with low sequence specificity (125) , and the lack of RNA sequence specificity has been commonly observed among chromatin binders more generally. The biochemical and structure nature of the protein-RNA interaction may determine the inhibition or activation mechanism. If the DNA and RNA binding are shared as in the cases of TFIIIA and GR, then an inhibition mechanism is more likely to be used. Otherwise, the inhibition mechanism may apply when the DNA and RNA binding are mutually exclusive as for YY1 (123) .
Besides these well-studied interactions, an increasing number of lncRNAs have been demonstrated to regulate transcription through transcription factors. A lncRNA transcribed from the CDKN1A promoter, PANDA, differentially interacts with the transcription factor NF-YA (nuclear transcription factor Y subunit alpha) or PRCs (PRC1 and PRC2) to either promote or suppress senescence (126) . The lncRNA rhabdomyosarcoma 2-associated transcript (RMST) interacts directly with SOX2 protein to activate gene expression, and chromatin occupancy of SOX2 was reduced following RMST depletion (127, 128) . A few other examples are listed in Table 1 . Most of the lncRNA-transcription factor interactions have been demonstrated by RIP experiments, so indirect versus direct interactions could not be differentiated. Identification of the RNA binding motif in the protein and the corresponding RNA identity element would be helpful to confirm these interactions.
A few other studies infer roles of lncRNAs in regulating transcription factor activities, although no direct physical interaction was reported. For example, the NRON lncRNA forms a complex with a few other proteins to repress the transcription factor NFAT (nuclear factor of activated T cell), potentially by regulating NFAT's subcellular localization (129) . Future in vitro EMSA or in vivo pull-down experiments would be helpful to identify these interactions.
OTHER DNA BINDING TRANSCRIPTION REGULATORS
CCCTC-binding factor CTCF is a ubiquitous zinc finger protein that binds DNA and serves as a chromatin insulator, activator, or repressor, depending on the epigenetic (131)]. CTCF was first demonstrated to interact with RNA in the initiation of XCI (132) . CTCF represses Xist expression by binding to its promoter and is later titrated away from the Xist promoter by Jpx RNA when XCI is initiated. The interaction between CTCF and Xist is supported by in vivo UV-crosslinked RIP (UV-RIP) and in vitro gel shift assays.
Later, a number of lncRNAs were found to regulate CTCF and affect transcription. CTCF forms a complex with DEAD-box RNA helicase p68 (DDX5) and an associated noncoding RNA, steroid receptor RNA activator (SRA), and this complex may be essential for CTCF's insulator function (133) . In another study, CTCF was found to regulate p53 expression through its physical interaction with Wrap53 RNA, and an RNA binding region (residues 576 to 614) of CTCF was identified by in vitro scanning mutagenesis (134) . This study also discovered that CTCF interacts with a variety of RNAs in vivo using a PAR-CLIP experiment. A later study further confirmed the observation that CTCF binds thousands of transcripts in vivo in mouse embryonic stem cells, including Tsix, Xite, and Xist RNAs, many in close proximity to CTCF's genomic binding sites (135) . The function of the RNP formed by CTCF in XCI was further expanded by a study demonstrating that lncRNA Firre (functional intergenic repeating RNA element) colocalizes with CTCF on the X chromosome, although no evidence for direct interaction was presented (136) . A mutagenesis study of CTCF and one of its RNA binders-MYCNOS lncRNAimplicated zinc fingers 9 to 11 (500 to 576 amino acids) of CTCF and exons 1 and 3 of MYCNOS lncRNA as the crucial interacting regions (137) .
a-Thalassemia/mental retardation X-linked a-Thalassemia/mental retardation X-linked (ATRX) is a transcriptional regulator that belongs to the SWI/SNF (switch/sucrose nonfermentable) family of chromatin remodeling proteins. It has ATPase activity that is stimulated by naked DNA and mononucleosomes (138, 139) and also has a DNA translocase activity (139, 140) . In a more recent study, ATRX was unexpectedly found to function as a high-affinity RNA binding protein, which directly interacts with RepA/Xist RNA to promote loading of PRC2 in vivo (141) . Interaction between ATRX and Xist RNA is supported by UV-RIP analysis and in vitro gel shift assays, and a minimal RepA region on Xist has been identified as the specific identity element (141) . Although ATRX seems to be able to bind to both double-stranded DNA (dsDNA) and RNA with similar affinities and probably using different regions of the protein, an RNA-ATRX-dsDNA ternary complex was not detected using a pull-down experiment. Furthermore, a separation-of-function mutant of ATRX that still binds DNA but no longer binds RNA would be useful to confirm the importance of RNA binding in XCI. In addition, ATRX is also related to the function of TERRA lncRNA [reviewed by Rippe and Luke (142) ], but a direct interaction has not been demonstrated.
Distal-less homeobox 2
Homeobox protein DLX2 (distal-less homeobox 2) is a DNA binding transcription regulator. EVF2 lncRNA is a transcriptional coactivator of DLX2 and recruits methyl-CpG-binding protein 2 (MECP2) to intergenic enhancers. A direct interaction between DLX2 and EVF2 has been demonstrated by the immunoprecipitation of DLX2, followed by reverse transcription polymerase chain reaction of the EVF2 lncRNA, and is supported by their intranuclear colocalization (143, 144) . A conserved region of EVF2 has been shown to be important for the interaction with DLX2, and the interaction is important in maintaining the transcriptional activity of the DLX5/6 enhancer.
THE IMPACT OF TRANSCRIPTION ITSELF
It has also been shown that the act of transcription, rather than the RNA product of transcription, can have regulatory effects on neighboring loci in the mammalian nucleus. Numerous groups have recently reported on this phenomenon. One group found that transcription of the mouse noncoding Airn gene leads to silencing of the overlapping Igf2r gene in mice, but the Air lncRNA product is not required (145) . Another 
Long et al., Sci. Adv. 2017; 3 : eaao2110study found that genetically disrupting transcription at both lncRNA and protein-coding loci was sufficient to dysregulate the expression of neighboring genes (146) . An additional report discovered an essential interplay between the heart development gene HAND2 and active transcription of an upstream lncRNA termed upperhand (Uph) (147) . The researchers found that disrupting Uph transcription abolished Hand2 expression, whereas knockdown of the mature Uph transcript had no effect (147) . These observations were presaged by studies in budding yeast. For example, transcriptional repression of the SER3 gene depends on active transcription of nearby noncoding sequences, which interferes with the binding of activators to the SER3 promoter (148) . In another case, two yeast lncRNAs transcribed in opposite directions provide a "toggle switch" that can either repress or activate the transcription of an adjacent protein-coding gene (149) . Thus, in general, many lncRNAs may function not at the RNA level, but rather simply because they are transcribed, and this transcription can lead to activation or repression of nearby genes.
lncRNAs ORGANIZING NUCLEAR ARCHITECTURE
There are several prominent examples of lncRNAs acting as platforms for nuclear organization [reviewed by Melé and Rinn (150) ]. One wellstudied example is NEAT1, a lncRNA that is sufficient to generate nuclear paraspeckles (150, 151) . Recently, a lncRNA, termed Firre, was identified as essential for adipocyte differentiation, and it displays a unique function in nuclear organization (136, 152, 153) . Genetic deletion studies of Firre in embryonic stem cells showed that the lncRNA interacts with hnRNPU and mediates cross-chromosomal contacts between five chromosomes (153) . Knockout of the transcript had no effect on the expression of the neighboring genomic loci (153) . Additionally, oligonucleotide-mediated knockdown of this transcript was shown to dysregulate a myriad of RNA processing genes (154) .
LOOKING INTO THE FUTURE, WHAT KINDS OF EXPERIMENTS ARE NEEDED TO ESTABLISH MECHANISM?
Many published studies show an association between a lncRNA and transcriptional repression or activation. A reasonable next question to ask is whether the association is causative; establishing causation requires perturbing the production, stability, nucleotide sequence, or cellular location of the lncRNA and observing a concomitant change in expression of specific gene(s). This set of experiments provides the starting point for understanding mechanism; that is, how does the lncRNA perform its function?
In considering mechanisms, we start with cases in which a lncRNA represses transcription. One possibility is that the lncRNA acts as a "sponge" or "decoy," binding a transcription-activating protein and preventing it from associating with its DNA or RNA target. Deciding whether this mechanism is tenable requires measuring the stoichiometry of the lncRNA relative to the protein and the relative affinity of the protein for the lncRNA versus the target nucleic acid. For example, a lncRNA present at 100 copies per cell is unlikely to provide an efficient sponge for a transcriptional protein present at 10,000 copies per cell, unless there is some special compartmentalization. A related possibility is that RNA binding functionally inactivates the protein.
For example, if a transcriptional regulatory protein binds its DNA target and a lncRNA at the same site (or mutually exclusively), then the mechanism of lncRNA inhibition is clear. Mutually exclusive binding can be tested, for example, by competition binding experiments (155) or by determining cocrystal structures of the protein-DNA and protein-lncRNA complexes (8) .
We next consider cases in which the lncRNA activates transcription. One possible mechanism involves the lncRNA recruiting an activating protein to its site of action. To establish this mechanism, one must first find the sequences and/or structures on the lncRNA that bind the protein, for example, using motif searching, mutagenesis, and protein-RNA footprinting. If transcriptional activation occurs in cis, then binding to nascent transcripts may, by itself, accomplish recruitment. However, if activation is occurring in trans, then establishing the protein-lncRNA binding is only half the story, and one must next ask how the lncRNA facilitates recruitment. The three most obvious possibilities are (i) the lncRNA binds to a protein bound at the target locus, (ii) the lncRNA base pairs to nascent transcripts at the target locus, or (iii) the lncRNA binds directly to the DNA at the target locus by triplex formation or potentially R-loop formation. In cases where intermolecular RNA-RNA base pairing is implicated, the observation of sequence complementarity is insufficient to indicate pairing. Convincing evidence can be obtained by introducing mutations that disrupt pairing and compensatory second-site mutations and by psoralen photocrosslinking (156) .
Another potential function of lncRNAs is to act as a scaffold, bringing proteins together in an RNP complex. In the simplest cases, the RNA will have individual sequence and structure motifs, each of which binds a single protein or protein complex. If the only function of the lncRNA is to act as a scaffold, then deletion of a protein binding motif will result in loss of function, but reinsertion of that motif at an unnatural location within the RNA will restore function (157) .
Finally, how does one test the hypothesis that active transcription of noncoding sequences, rather than the lncRNA product of this transcription, controls the expression of another gene(s)? As has been discussed by Bassett et al. (158) , this is particularly challenging. Deletion of the promoter for the lncRNA [for example, by CRISPR (clustered regularly interspaced short palindromic repeats)-Cas9 genome editing] is often too crude of an approach, because the deletion may remove DNA elements that regulate the transcription of a proximal mRNA gene (146) . Inserting multiple polyadenylation sequences downstream from a lncRNA promoter and interfering with lncRNA transcription using CRISPR interference (159) are more surgically incisive, but negative results must be interpreted with caution because these techniques truncate rather than eliminate lncRNA transcription. Replacing a lncRNA sequence with a different sequence without functional consequence does not necessarily indicate that the lncRNA is unimportant, given the fact that many histone-modifying complexes bind RNA promiscuously and thus might still bind the substituted sequence. Moreover, knockdown of the lncRNA product with antisense nucleic acids (Gapmers) that function in the nucleus may suggest the unimportance of the lncRNA product, but unlike genome editing, these knockdowns are incomplete. Thus, it is best to use multiple approaches when assessing whether it is the act of transcription or the lncRNA product that is functional in any particular instance.
In conclusion, the era of cataloging mammalian and other eukaryotic lncRNAs is well under way. Researchers are determining their tissue distribution, subcellular localization, expression patterns, abundance, and splicing patterns, which requires enormous effort but is reasonably straightforward. The era of determining the function of these lncRNAs, on the other hand, is just beginning.
